SYNOPSIS. Three features contribute to the complexity of an entity: number of parts, their order, and their iteration. Many functional biological entities are complex when measured by those attributes, and although they are produced in tree-like architectures, the organizational structures that permit them to function are in the form of hierarchies. Natural hierarchies can be thought of as organizing structures that are emergent properties of complex functional entities, and which are transformed from trees by process networks. For example, hierarchies are observed in the architecture of metazoan bodies (the somatic hierarchy) and in the biotic structure of ecogeographic units (the ecological hierarchy). As the metazoan developmental genome is quite complex and has been evolved through tree-like processes, it must harbor at least one hierarchy, which is most clearly indicated in the developmental processes that create the somatic hierarchy. For multicellular organisms, the processes that serve to transform trees of gene expression events into a somatic hierarchy have produced complicated signaling networks whose histories can probably be recovered in general outline.
INTRODUCTION
Just how to characterize and measure the complexity of metazoan bodyplans, or the complexity of their genomes, is not a simple matter. On present evidence, Metazoa evolved from a protistan that was a choanoflagellate-like form. The elaboration of increasing numbers of cell types, tissues and organs within some bodyplans as they evolved along diverse branches of descent has led to a wide range of complexities, from Porifera to highly derived members of Chordata.
The complexity of a metazoan body may be defined by the size of its minimum description (see Hinegardner and Engleberg, 1983) . Factors that contribute to this size are numbers of kinds of parts, iteration of parts, and disorder. Large numbers of kinds of parts require longer descriptions than small numbers; iterated parts, even though identical, require specification of the number for each kind and thus involve longer descriptions; and disordered parts require longer descriptions than neatly ordered ones (see for discussions Wicken, 1979; McShea, 1991; Valentine et al., 1994) . Most of the living metazoans that we find have tens to hundreds of cell types, and commonly scores of tissues and many organs, and thus have many parts at the level of morphology. Furthermore, many organs and organ systems are quite asymmetrical, numerous distinctive cell types are associated within tissues, and many tissues are penetrated by cells belonging to other tissues, such as neurons, or by conduits for circulating fluids, or by ducts; bodies are thus quite disordered. Many cell types are iterated, in different numbers in different places. Despite all this messiness, metazoans function well, but it is not because they are simple or 1 From the Symposium New Perspectives on the Origin of Metazoan Complexity presented at the Annual Meeting of the Society for Integrative and Comparative Biology, 2-6 January 2002, at Anaheim, California.
2 E-mail: jwvsossi@socrates.berkeley.edu orderly; they function well because they possess a high level of organization (see McShea, 1991) . Not only Metazoa, but other multicellular clades such as Fungii and Metaphyta, must also be organized so that their basic body parts-differentiated cell types-are assembled into a hierarchy of functional associations. Similar principles appear to apply to their ecological organization. The complexities of unicellular organisms, constructed of such entities as macromolecular units and organelles, can presumably be described in similar terms, but are beyond the scope of this paper. Here I attempt to define the properties of the architectures that permit biological complexity to be organized: the hierarchies that contain complexity, the trees that produce it, and the networks that transform the one structure into the other.
ARCHITECTURES OF MORPHOLOGICAL COMPLEXITY
In a famous paper, Simon (1962) conjectured that hierarchies form the only useful architecture of complexity, owing to their power to organize disparate elements into a nested sequence of levels. Important properties associated with biological hierarchies include the emergence of novel properties, and an increasing richness of form and function within entities at higher levels (Medawar, 1974) . To the extent that these properties promote fitness, it is plausible that complex biological systems organized by selection might have hierarchical aspects, as many appear to do. There are two major types of biological hierarchy (Mayr, 1982) . One type is constitutive, in which entities are physically joined to each other within each level, as cells within a tissue; the other is aggregative, in which individuals are simply associated in a series of increasingly inclusive entities. Metazoan bodies, and probably all truly multicellular organisms, are organized as a cumulative constitutive hierarchy (Valentine and May, 1996) , principal levels of which include atoms, molecular subunits, molecules, organelles, cells, tissues, organs, organ systems, and the or- . A somatic hierarchy formed of an organ that is constituted of tissues that are constituted of the cells formed in the cell tree of (A). The cells forming the tissues are not the most closely related geneologically, as indicated by the numbers, thus requiring a network of signals to nest them in their tissues. The direction of development of the hierarchy, indicated by the arrow, is opposite to that in the tree. (C). A matrilineal family tree, which has the appearance of a hierarchy but not hierarchical properties (see text).
ganism, forming what has been called the somatic hierarchy (Eldredge, 1985) . Cumulative hierarchies are those in which entities that are not composed of subunits belonging to the next lower level can nevertheless join the structure at a level wherein they form subunits for the next higher level. An example is extracellular matrix, which is not made of cells but joins with cells to form organs, and hence is present in all higher-level entities. In the somatic hierarchy, the entities are functional parts. Somatic hierarchies are of course the products of both evolution and development. For development, cells may be considered as the basic entity, with the body usually arising from a fertilized egg (which owes its properties to previous evolutionary events). A metazoan body develops as the egg cleaves into cells that then proliferate in a branching pattern of mitoses to produce a cell tree (Fig. 1A) . Cells are instructed to differentiate and are at least partly positioned by signaling systems of the gene regulatory apparatus of development. Tissues, composed of one or, commonly, several cell types, are functional entities that may be integrated with other tissues to form functional organs, and so forth (Fig. 1B) .
Trees and hierarchies are very different structures. Trees place entities in positions within the tree structure that are determined by their histories-in the case of cells, by their ancestral and descendant cells. The pathways along the branches reflect the precise history of cell originations. However, trees are not devoted to the formation of functional units as in hierarchies, but are governed by the geneology of the entities, and grouping of entities involves the collapsing of branches into more basal nodes. Tiers of relationships within some trees, such as tiers in family trees, suggest a hierarchical organization. However, within biological hierarchies, the entities within tiers function as units in the next most inclusive level-a group of entities becomes an entity itself, as a tissue with nested cells. This is not true of trees. Take a family tree of grandmothers, mothers, and daughters (Fig. 1C) . The daughters do not form parts of mothers, nor are they aggregated into mothers, nor are the mothers related to the grandmothers because of any properties of their daughters. The entities in the tree are all the same sort-they are all individual people. Tiers in the tree do not function, but the tree provides a record of family history. This family tree may be transformed into a hierarchy. The daughters, for example, can be considered to represent a functional family unit, but in that case the criterion for belonging to the unit is no longer geneological, but becomes functional. An adopted daughter, who would not be represented in the tree that is figured, would nevertheless form part of the unit.
It seems possible (i.e., I cannot disprove the notion) that all natural hierarchies, in biology at least, consist of functional units and are constructed by trees. This situation would seem to follow from the fact that all biological systems have evolved, and trees describe their pathways of descent, and as Dobzhansky (1973) famously wrote, nothing in biology makes sense except in the light of evolution. If hierarchies are the architectures of complexity, evolution is the architect. However, in order to transform a tree into a hierarchy and thus to produce functional entities in complex systems, nested parts must commonly be drawn from different branches of a tree, and the branching pattern is lost as branches coalesce in complicated patterns. Therefore, from the standpoint of a functional entity in a hierarchy, the pattern that traces the assembly of its constituent parts is not a tree, but a network (Fig.  1B) . The network responsible for transforming a cell tree into a somatic hierarchy is created by the portion of the regulatory genome that mediates the patterning of the body plan; it is a scale-free network (see Oltvai and Barabasi, 2002 , and references therein).
ARCHITECTURES OF ECOLOGICAL COMPLEXITY
Another major biological feature often considered as organized hierarchically is the pattern of distribution and association of organisms in the biosphere. The levels in this ecogeographic hierarchy include individuals, populations, communities, bioregions, bioprovinces, and the biosphere. This is an aggregative hierarchy. The entities within the levels are not physical parts of each other, but are aggregated in functional units; here the functions are ecological. As is the rule in aggregative hierarchies, the interactions between and among entities become weaker as one proceeds to higher levels (Simon, 1962) . Populations are related through reproduction, community functions are associated with trophic pyramids and other species interactions, and geographic entities share similar regimes of productivity and climate. The tree that has produced the ecological hierarchy is the phylogenetic tree of life. If the phylogenetic tree is plotted in space as well as time, the tips of the branches form the present biosphere, within which the ecological subdivisions form a hierarchy. If one takes a slice of ecological time across the phylogenetic tree at some past age, one finds the biosphere of that age. It is the tattered remnants of sequences of such past biospheres, preserved in the fossil record, which form the basic data of paleoecology. And it is the connection of branches between temporal successions of fossils that forms the direct evidence for morphological reconstruction and macroevolutionary interpretation of metazoan history.
Artificial hierarchies are usually simple, far more regular and obvious in the composition of their entities and levels than are natural hierarchies, although both sorts share general properties. The organizational charts of hierarchically arranged churches and armies, for example, commonly consist of boxes of entities arranged in neat, rather pyramidal tiers. Natural hierarchies are far messier-far more complex in fact (Wimsat, 1974) . The sizes of natural entities, even on the same level, vary enormously, usually forming a hollow curve, and it is not always clear what are the boundaries of an entity or to which level it should be assigned. These problems are worse for aggregative hierarchies than for constitutive ones, for in the latter case one at least has the physical entities as a guide, but even so, there are ambiguities and uncertainties as to the ''correct'' organizational plan. In the case of the ecological hierarchy, patterns of association and distribution arise on the template of the physical environment, with its tapestry of conditions, bounded by or grading from microenvironments to climatic zones of suboceanic and subcontinental extents. These arrangements are very irregular, reflecting the irregular distribution of physical conditions and the stochastic and enterprising nature of evolutionary processes. The rough hierarchical structure does not imply that the ecological entities are highly integrated; indeed, the unique character of each population or species suggests that their patterns of association are in large measure based on overlapping tolerances and requirements. As the planetary ecosystem has become occupied by a biota diversifying in the branching tree of life, it has become organized into crude but real hierarchical levels. Within the ecological entities interactions occur, such as reproduction and feeding, which provide for their organization. When vectors of such interactions are plotted they form scale-free networks (e.g., Milo et al., 2002) .
ARCHITECTURES OF GENOMIC COMPLEXITY
If complex systems have lots of different kinds of parts that are arranged in messy patterns and are unevenly iterated, genomes qualify as extremely complex. At one time genome size was hypothesized to be an important element underpinning the complexity of organisms. However, the sizes of non-coding and nonregulatory regions in metazoans, and therefore of the sizes of their genomes as a whole, are largely independent of the complexity of metazoan bodyplans (Jahn and Miklos, 1988) . Excluding those genomic regions with no clear function from consideration for present purposes, the number of transcribed genes has been hypothesized to correlate with bodyplan complexity. As sequencing projects have permitted rather accurate estimates of gene numbers, however, it has become clear that some forms with relatively complex bodyplans have fewer transcribed genes than do other forms with relatively simple ones. For one level of parts alone, that of cells, flies have four to five times as many cell morphotypes as do nematodes (summary in Valentine et al., 1994) , yet have significantly fewer transcribed genes (13,600ϩ and 18,400ϩ respectively; C. elegans Sequencing Consortium, 1998; Chervitz et al., 1998) . As it seems reasonable that complex bodyplans require more developmental information than simple ones, it follows that information is not being generated simply by the addition of genes. Developmental biologists working with molecular tools have uncovered startling complexities of gene interactions within the metazoan genome (see for example Gilbert, 2000 , and the accounts of molecular developmental mechanics explicated by Davidson, 2001 and Wilkins, 2002) . Hence, it is possible that genes are used more combinatorially in more complex organisms to produce a large number of entities within their somatic hierarchies. In this event, the number of gene expression events requiring unique signals-i.e., signals that are generated by unique combinations of cis-regulatory information-could be counted as the parts of the genome, rather than counting the number of genes (Valentine, 2000) .
That metazoan genomes are not highly ordered is indicated by the combinatorial nature of cis-regulatory signaling during development. Expression of many genes requires input from many others, and despite the linear sequences of physical genes on chromosomes, their information is not usually routed in any neat pattern (see Davidson, 2001) . Also, iteration is evidently not uncommon. Thus metazoan genomes have many parts, which are disordered, and which may be iterated in asymmetrical ways, fulfilling the requirements for a high level of complexity as defined by Hinegardner and Engleberg (1983) .
The trees in which the parts of metazoan genomes were produced, both that of the genes themselves and that of gene expression events, evolved over geologic time. Of course, the gene tree is rooted in the assembly of the ''first gene'' (or perhaps genes) during the rise of living organisms. Assuming that the vast bulk of genes first arose by duplication or at least by assembly from previously existing domains, the increase in the number of genes in the biosphere forms a tree. Most genes are restricted to a limited number of branches of that tree, and many genes must have become extinct, locally or globally. Metazoans inherited a genome of some still undetermined size, but certainly numbering many thousands of genes, from their protistan ancestor. The earlier part of the global gene tree is lopped off when just considering metazoans. Nevertheless, the many gene branches that were represented at the dawn of Metazoa are parts of a tree that traces back to the ''first gene'' or genes, and the further history of those branches within Metazoa remains treelike. The history of multiple gene usages in metazoan development is more obscure but seems certain to have been present in protistans, and so a tree of gene expression events would also have been present, and composed of unknown numbers of branches, when inherited by the earliest metazoans. The complexities of the regulatory gene network should be resolved into a structure more closely resembling a tree when each gene expression event is regarded as a separate gene.
EVOLUTION OF METAZOAN COMPLEXITIES
In metazoans, a network of cis-regulatory signals is used to transform a cell tree into a somatic hierarchy that of course does not exist in unicellular organisms. While it is possible to imagine a cell so simply organized that it could be underpinned by a simple gene tree, there is a complicated hierarchy of components within protistan cells, from atoms and molecules to organelles, which must also require a network of gene activities to produce. The evolution of the protistan genome must be deeply rooted; it has been speculated that some aspects of protistan gene regulation may have evolved in association with the capture of endosymbiotic prokaryotes (Awramik and Valentine, 1985) . At any rate, not only are protistan cytoarchitectures complex, but the protists from which metazoans arose were in all likelihood colonial, with ''subgenotypes'' for more than a single morphological phase. However, the chief focus here is on the portion of the genome that mediates the development of somatic structures within multicellular organisms, using metazoans as the exemplar.
Choanoflagellata, the likely sister group to Metazoa, includes forms with two distinctive cytomorphologies: flagellate cells, which can swim or, in benthic forms, can create feeding currents; and non-flagellate cells, which can reproduce. Although a colony needs both of those functional phases, they cannot exist in the same cell morphotype, as each requires a unique assembly of microtubules for which only one organizing center exists in choanoflagellate cells (see Margulis, 1981; Buss, 1987) . To form a simple metazoan, these cell phases would have to gain a measure of independence from the physiological or environmental cues which evidently control their sequential appearance, reliably to produce the differentiated cell types that are the hallmark of multicellularity. The basal metazoan sponges may have originated from benthic choanoflagellate colonies, or their allies, by such a step. Within the genome, the upstream signals that control the cascades of gene expression to produce each of the alternate cell phases would have to be captured by somewhat hard-wired proto-developmental genes. As genotypes for both cell phases were already specified in the genome, their switching from life cycle phases to differentiation products would ''just'' have required the sort of cooption of regulatory function seen so commonly in metazoan evolution. One (or both) of the phases could be used as a stem cell, retaining its morphotype in one daughter. There is evidence that choanoflagellate genomes are structured in at least a protometazoan fashion; a receptor tyrosine kinase has been identified from a choanoflagellate, implying the presence of signal transduction systems (King and Carroll, 2001 ).
In the simplest imaginary metazoan bodyplan, two proliferating cell types would form perfectly orderly arrays, perhaps in blocks or in layers. The number of cells would be relatively low and equal between the types. Thus for cell types, this form would be highly ordered with few parts and easily described iterations. Metazoa may have begun with more than two cell types, and almost certainly in a more disorderly arrangement, with unequal numbers of iterations. To exploit the advantages of larger body size, the number of cells of the original cell types in the imagined simple metazoan could simply be multiplied, but as size increased, other cell functions, such as support, would be required (see Bonner, 1988) . In early metazoans, the differentiation and positioning of some of the new cell morphotypes still may have depended largely on environmental cues. As gene expression patterns that underpinned all realized cell types were present in the genome, the capture of their genotypes by transcriptional regulators produced by upstream cells, through evolution of their cis-regulatory elements, would promote homeostasis of the developmental system, protecting structures and functions from vagaries of environmental change. Earlier specification of cell types would result, which could produce earlier differentiation or, commonly, produce an informational relay to establish differentiation farther along the branching cell tree. As such cooptations arose, the cis-regulatory regions of genes would have grown accordingly, or at least would have been combinatorially enhanced. Developmentally mediated improvements in the organ-isms, commonly involving the intercalation, subtraction, and shifting of developmental activities through cis-regulatory evolution, have overlaid the historical sequences within the gene and gene expression trees. However, much of the historical sequence of branching of those trees, obscured in any given crown taxon, may eventually be inferred through comparative methods.
CONCLUSIONS
Both the processes of evolution and of development proceed through modification during descent, producing a tree within which entities are arranged by their places in ancestor-descendant series. Biology-that is, life-involves function. Organizing an entity that is developing or evolving towards increasing functional complexity leads inevitably to a hierarchical architecture, which is thus an emergent property of complexity. The organizational pattern required to transform a tree, in which cell types originate, into a hierarchy in which they function, forms a network. Because of the hierarchical nature of the transformed structure, the network is scale-free, with nodes of the features that regulate and integrate the entities arrayed on the next lower level having high connectivity. These three structures, trees, networks and hierarchies, can be seen most clearly in morphological development in multicellular organisms and in ecological systems, and there is evidence that they are associated with the origination and accommodation of complexity within genomes. Recognition of the architectures involved in the origination of the complex features found in the living biosphere, and of their distinctive properties, should aid in unraveling the history of their evolution.
